Background
==========

Major depressive disorder (MDD) is a severe, chronic, and life-threatening disease with a high incidence. MDD is now the leading cause of disability and lost productivity globally \[[@b1-medscimonit-24-4465]\], and is predicted to be the second-leading cause of disease burden worldwide just after coronary heart disease by the year of 2030 \[[@b2-medscimonit-24-4465]\]. Because antidepressant drug therapy is more easily available and lower in price than psychotherapy, antidepressant drug therapy is the most commonly used treatment in China, especially selective serotonin reuptake inhibitors (SSRIs). SSRIs act on the midbrain serotonin (5-hydroxytryptamine (5-HT)) system, which plays an important role in many brain functions, including mood control. 5-HT reuptake is mediated by 5-HT transporter (5-hydroxytryptamine transporter; 5-HTT; SERT). Chronic, but not acute, SSRI treatment down-regulates SERT, increasing forebrain serotonergic neurotransmission and neuronal plasticity in the hippocampus \[[@b3-medscimonit-24-4465]--[@b5-medscimonit-24-4465]\]. Thus, these drugs need to be administered for a long time before clinical improvement emerges, and they cause full remission of depressive symptoms in only one-third of patients and leave a large proportion of people with partial or incomplete clinical responses \[[@b6-medscimonit-24-4465],[@b7-medscimonit-24-4465]\]. Therefore, the identification of new drug types to induce SERT down-regulation may be a new target for the development of fast-acting antidepressants.

The modern accepted pathogenesis of depression is that psychological and social factors as well as biological and genetic factors can cause dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis, inflammatory pathways \[[@b8-medscimonit-24-4465]\], the extracellular signal-regulated kinase/CREB/BDNF pathway \[[@b9-medscimonit-24-4465]\], autophagy \[[@b10-medscimonit-24-4465]\], and apoptosis \[[@b11-medscimonit-24-4465]\]. This evidence supports the hypothesis that risk factors, which disrupt neuronal function and morphology resulting in dysfunction of the neural circuitry underlying mood regulation and cognitive function through converging molecular and cellular mechanisms, are potential targets of antidepressants \[[@b12-medscimonit-24-4465]\]. Recent studies have established that environmental events and behavioral experience induce epigenetic changes at specific gene *loci*, and these changes help shape neuronal plasticity, function, and behavior, hence contributing to the pathogenesis of depression \[[@b13-medscimonit-24-4465]\]. Long non-coding RNAs (lncRNAs), one of the major types of epigenetic regulation that utilizes functionally untranslated RNA species, are non-coding RNAs with a length greater than 200 nucleotides. lncRNAs play versatile roles in many aspects of gene regulation, including mRNA splicing, transcription, epigenetic silencing, translation, X-chromosome inactivation, and the processing of small ncRNAs \[[@b14-medscimonit-24-4465],[@b15-medscimonit-24-4465]\]. lncRNAs associated with cognitive disorders and synaptic plasticity may also contribute to the pathophysiology of major depression. For example, lncRNA non-protein-coding RNA repressor of NFAT (NRON), which interacts with multiple proteins including members of the importin-beta superfamily, could suppress nuclear factor of activated T cells (NFAT) signaling via regulating NFAT nuclear-cytoplasmic trafficking \[[@b16-medscimonit-24-4465]\]; COX-2-lncRNA (PACER) was found to activate COX-2 expression through occluding repressive NF-κB complexes, and had a significant correlation with cognitive function in recurrent depressive disorder \[[@b17-medscimonit-24-4465]\]; and BDNF-AS discovered in mice was shown to prevent BDNF transcription by recruiting EZH2, a key component of the epigenetic silencing complex, PRC2. Therefore, lncRNA regulation is considered to have therapeutic potential for use in MDD \[[@b18-medscimonit-24-4465]\].

Our previous studies showed that 6 lncRNAs (TCONS_00019174, ENST00000566208, NONHSAG045500, ENST00000517573, NONHSAT034045, and NONHSAT142707) had diagnostic value, therapeutic evaluation, differential diagnosis, and participated in many functions in the central nervous system \[[@b19-medscimonit-24-4465]\]. The expression of 6 lncRNAs was significantly correlated with suicide risk \[[@b20-medscimonit-24-4465]\]. This study aimed to investigate whether 3 candidate differentially expressed lncRNAs (NONHSAT142707, NONHSAG045500, ENST00000517573) in MDD, which have much higher expression in the brain, can internalize SERT and reduce SERT-binding sites through mediating SERT mRNA levels in SK-N-SH cells. In addition, we aimed to determine the mechanism, which may lead to novel therapeutics.

Material and Methods
====================

Cell culture and transfection
-----------------------------

Human neuroblastoma cell line SK-N-SH cells were purchased from the Chinese Academy of Sciences (Beijing, China). SK-N-SH cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco, USA) containing 1% penicillin (100 U/mL) and 10% fetal bovine serum (FBS, Gibco, USA) at 37°C in a 5% CO~2~ humidified atmosphere. When the SK-N-SH cells were 70--80% confluent, the cell culture medium was replaced with OptiMEM 2 h prior to transfection.

The 3 lncRNAs plasmid or siRNAs were transfected into SK-N-SH cells to up-regulate or down-regulate corresponding lncRNAs expression. lncRNAs plasmid, lncRNA siRNAs, and their negative control lncRNAs were produced by Genscript Co., Ltd. (Nanjing, China). We then seeded cells in 6-well plates overnight before transfection. lncRNAs plasmid (or negative control, pre-NC) and lncRNAs siRNAs (or negative control, NC) were transfected into cells using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, California, USA) according to the manufacturer's instructions.

qRT-PCR test for lncRNAs and SERT
---------------------------------

Quantitative RT-PCR was used to detect lncRNAs and SERT in SK-N-SH cells. Total RNA was extracted from SK-N-SH cells using TRIzol reagent (Invitrogen, Carlsbad, California, USA) following the manufacturer's protocols. Reverse transcription of lncRNAs and SERT was performed using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Quantitative PCR was performed using SYBR^®^ Green MasterMix in an ABI PRISM^®^ 7500 Sequence Detection System (Applied Biosystems Inc., Foster City, CA). All the primers specific for 3 lncRNAs, SERT, U6, and b-Actin were synthesized by Genscript Co., Ltd. (Nanjing, China). Samples were amplified for an initial denaturation at 95°C for 10 min, followed by 40 cycles each consisting of denaturation at 95°C for 15 s, annealing at 60°C for 1 min, and extension at 82°C for 30 s. Each sample was assayed in triplicate. The quantification of gene expression was performed using the ΔΔCT calculation with CT as the threshold cycle. The relative levels of target genes, normalized to the sample with the lowest CT, are given as 2^−ΔΔCT^.

Each lncRNA was designed with 2 siRNAs, and we validated the one with a significant interfering effect. The sequence for NONHSAG045500 siRNA1 was UGUAGUUCAGCCUCCAUGGUU, and siRNA2 was AAAUCAUUUAAAAGAUGGCCU; the sequence for NONHSAT142707 siRNA1 was UUUUUAAGGC AAUUUGAGGUC, and siRNA2 was AUUUUUAAGGCAAUU UGAGGU; ENST00000517573 siRNA1 sequence was UAAAUGAAUUAAUGAAUAGAU, and siRNA2 was ACAAAUAAAUG AAUUAAUGAA. The overexpression plasmids vector for the 3 lncRNAs were all pcDNA3.1 (+) vector, and the vector map and promoter element are included in the [Supplementary Figure 1](#s1-medscimonit-24-4465){ref-type="supplementary-material"}.

β-Actin and U6 small nuclear RNA served as internal normalized references of lncRNAs and SERT, respectively.

qRT-PCR for SERT was performed with the following primers:

1.  SERT-FWD CAATTACTTCTCCGAGGACAAC

2.  SERT-REV GTGGCGCGTGTAAAATTCTTC

3.  SERT-SEQ TCACCTGGACCCTCCATTCCACG

Statistical analysis
--------------------

SDS 2.3 software (Applied Biosystems, Inc.) and DataAssist v3.0 software were used to collect data. All statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA). After normalization of β-Actin, the expression levels of lncRNAs were calculated using the 2^−ΔΔCt^ method. The paired *t* test was used to compare the difference between the interfering effects of 2 siRNAs on 3 lncRNA (NONHSAT142707, NONHSAG045500, ENST00000517573) groups and the corresponding control group, as well as the difference between plasmid overexpression effects on the 3 lncRNA (NONHSAT142707, NONHSAG045500, ENST00000517573) groups and the corresponding control group. The Wilcoxon signed-rank test was used to compare the difference between the effects of siRNAs2 on SERT in the 3 lncRNA groups and the corresponding control group. A p-value of \<0.05 (two-tailed) was considered statistically significant.

Results
=======

Validating the overexpression effect of 3 lncRNA plasmids
---------------------------------------------------------

The expression of 3 lncRNAs (NONHSAT142707, NONHSAG045500, ENST00000517573) in the SK-N-SH cells after transfection with plasmid were studied by real-time PCR. SK-N-SH cells were seeded in 6-well plates, with 2×10^5^ cells for each well. After approximately 24 h of cell adherence, 1 μg overexpression plasmid for each lncRNA was transfected. Lipo 2000 null vector transfection was used as the control. According to the Wilcoxon signed-rank test, the results from these 3 experiments showed that compared to the control group, the expression of NONHSAG045500 was up-regulated by 2898 times (P=0.0039), the expression of NONHSAT142707 was up-regulated by 17 times (P=0.0039), and the ENST00000517573 was up-regulated by 3600 times (p=0.0039). The results indicated that 3 lncRNAs were all significantly up-regulated, which indicated a significant difference between the overexpression effect of 3 lncRNA plasmids and the control ([Figure 1](#f1-medscimonit-24-4465){ref-type="fig"}).

Overexpression effect of 3 lncRNAs on SERT expression
-----------------------------------------------------

The expression of SERT in the SK-N-SH cells was analyzed by real-time PCR. SK-N-SH cells were seeded in 6-well plates, 2×10^5^ cells for each well. After 24 h of cell adherence, 1 μg for each lncRNA overexpression plasmid was transfected. The control group was the lipo 2000 empty transfected group. According to the Wilcoxon signed-rank test, the results indicated that the expression of SERT was significantly down-regulated in the NONHSAT142707 (P=0.0043), NONHSAG045500 (P=0.0039), and ENST00000517573 (P=0.0039) groups compared with that in the control group, which demonstrated that the overexpression of 3 lncRNAs could inhibit the expression of SERT ([Figure 2](#f2-medscimonit-24-4465){ref-type="fig"}).

Validating the interfering effect of 3 lncRNAs siRNAs
-----------------------------------------------------

Since every lncRNA had been designed with 2 siRNAs, we attempted to determine which one had a significant and better interfering effect. SK-N-SH cells were seeded in 6-well plates, 1.5×10^5^ cells for each well. After 24 h of cell adherence, 50 nM siRNA for each lncRNA was transfected into the cells. The control group was the lipo 2000 empty transfected group. As illustrated in [Figure 3](#f3-medscimonit-24-4465){ref-type="fig"}, according to the paired *t* test, the expression of 3 lncRNAs were significantly down-regulated after transfection with siRNA2 for each lncRNA compared with those after transfection with control; moreover, the expression of NONHSAG045500 was reduced by 86% (t=11.84, P\<0.0001), the expression of NONHSAT142707 was reduced by 63% (t=6.010, P=0.0018), and the expression of ENST0000051757 was reduced by 68% (t=6.339, P=0.0014). However, there was no significant difference in siRNA1 for each lncRNA (P\>0.05), which indicated that compared with the control, NONHSAG045500 siRNA2, NONHSAT142707 siRNA2, and ENST00000517573 siRNA2 had a remarkable interfering effect, but siRNA1 for 3 lncRNAs had no such effect.

Interfering effect of 3 lncRNAs siRNA2 on SERT expression
---------------------------------------------------------

NONHSAG045500 siRNA2, NONHSAT142707 siRNA2, and ENST00000517573 siRNA2 were used to test the effect on SERT expression. SK-N-SH cells were seeded in 6-well plates, 1.5×10^5^ cells for each well. After 24 h of cell adherence, 50 nM siRNA2 for the 3 lncRNAs were transfected into cells. Lipo 2000 null vector transfection was used as the control. According to the Wilcoxon signed-rank test, the results revealed that the expression of SERT was significantly higher in the NONHSAG045500 siRNA2 group (P=0.0313) than in the control group, but no significant difference was found between the control group and the NONHSAT142707 siRNA2 group (P=0.0625) and the ENST00000517573 siRNA2 groups (P=0.2188). This result suggested that the interference of NONHSAG045500 could enhance the expression of SERT ([Figure 4](#f4-medscimonit-24-4465){ref-type="fig"}).

Discussion
==========

The present study indicated that the expression of 5-HT transporter SERT could be enhanced by interfering lncRNA NONHSAG045500 and inhibited by NONHSAG045500 overexpression in SK-N-SH cells *in vitro*. Due to the high expression of NONHSAG045500 in the human brain, we could regulate the expression of NONHSAG045500 by intravenously injecting NONHSAG045500 plasmid or siRNA2 to regulate SERT expression, eventually changing the content of 5-HT in synaptic cleft and depressive symptoms.

The pathogenesis of MDD remains elusive, and the treatment involves 1 major neurotransmitter, 5-HT. Generally, antidepressants elicit their therapeutic effects only after long-term treatment and are not effective in all patients \[[@b21-medscimonit-24-4465]\]. Because epigenetic regulation, such as DNA methylation and histone modification, plays an important role in the development of the embryo and nervous system, it has increasingly become the new direction of disease treatment \[[@b22-medscimonit-24-4465]\]. Existing pharmaceutical agents to treat diseases through epigenetic mechanisms are non-specific, and a multitude of challenges and opportunities exist for the future pharmacological manipulation of lncRNAs. RNA therapeutics can capitalize on various lncRNA cellular functions and target those pathways through structure disruption mechanisms and gene silencing. Extensive secondary structures and the long length of lncRNA may hinder the design of effective small-molecule inhibitors and small interfering RNAs (siRNAs) \[[@b23-medscimonit-24-4465]\].

Because lncRNAs have species diversities and differences, a lncRNA cannot always be expressed in both human and animals. Therefore, in this study, we did not explore lncRNAs from lncRNA databases but from previous human studies. Liu et al. \[[@b24-medscimonit-24-4465]\] used microarray-based genome-wide analysis to determine the association of lncRNAs and depression, and found 2007 lncRNAs differentially expressed in MDD patients compared with those in controls. However, they did not explore whether lncRNA expression can vary following antidepressant treatment or if it can be used to distinguish MDD from other mental diseases. In our previous studies, we first screened 8 candidate differentially expressed lncRNAs in MMD patients and compared the expression of the 8 lncRNAs before and after standardized antidepressant treatment. We found 6 lncRNAs (TCONS_00019174, ENST00000566208, NONHSAG045500, ENST00000517573, NONHSAT034045, and NONHSAT142707) with significant differences in expression levels that returned to normal when depressive symptoms went into remission \[[@b20-medscimonit-24-4465]\]. Finally, we cross-validated the 6 MDD lncRNAs with 3 differentially expressed schizophrenia lncRNAs and 3 differentially expressed generalized anxiety disorder lncRNAs. This result indicated that these 6 lncRNAs had specificity for MDD. Thus, we concluded that these 6 lncRNAs have value for diagnosis, therapy evaluation, and differential diagnosis, and play a critical role in the central nervous system, as determined using Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway analysis \[[@b25-medscimonit-24-4465]\]. On this basis, we analyzed the effect of the interference and overexpression of 3 lncRNAs (NONHSAT142707, NONHSAG045500, and ENST00000517573), which are much more highly expressed in the human brain than the other 3 lncRNAs, on SERT expression, which is the key target of antidepressant therapy. First, we validated the overexpression effect of 3 lncRNAs plasmid, and found that the 3 lncRNAs were all significantly overexpressed after transfecting plasmid ([Figure 1](#f1-medscimonit-24-4465){ref-type="fig"}). Then, the 3 lncRNAs plasmid were administered to SK-N-SH cells and indicated that the overexpression of NONHSAT142707, NONHSAG045500, and ENST00000517573 could inhibit the expression of SERT ([Figure 2](#f2-medscimonit-24-4465){ref-type="fig"}). Second, we validated the effect of the 3 lncRNAs siRNAs. Every lncRNA had 2 siRNAs, and results showed that only siRNA2 for each lncRNA had a remarkable interference effect compared with that of the control ([Figure 3](#f3-medscimonit-24-4465){ref-type="fig"}). Then, we transfected SK-N-SH cells with the 3 lncRNA siRNA2, and the results demonstrated that only the expression of SERT in NONHSAG045500 siRNA2 was much higher than that in the control, indicating that interfering with NONHSAG045500 expression could strengthen the expression of SERT. In conclusion, NONHSAG045500 has therapeutic antidepressant potential through regulating serotonin transporter SERT in MDD patients.

There is already evidence proving that lncRNAs can regulate the expression of another major central neurotransmitter dopamine (DA) in psychiatric disorders. BC1, one of the first annotated lncRNAs in the central nervous system, displayed significant upregulation of D2R protein in the striatum and potentiated responses to D2R agonists in knockout mice \[[@b26-medscimonit-24-4465]\]. In Gomafu (a schizophrenia-associated lncRNA) knockout mice, a significant increase in dopamine levels was detected in the brain after exposure to the psychostimulant methamphetamine (MAP), and the increased dopamine was correlated with hyperactivity of knockout mice \[[@b27-medscimonit-24-4465]\]. AS-Uchl1, a lncRNA antisense to the Uchl1 gene, is repressed in dopaminergic neurons of Parkinson's disease models and regulated by Nurr1, a core transcription factor involved in the maturation and viability of dopamine neurons \[[@b28-medscimonit-24-4465]\]. In addition, microRNA (miRNA), another kind of non-coding RNA, can also mediate the expression of dopamine and serotonin. miR-132, miR135a2, and miR-218 are known to direct the fate and survival of dopaminoceptive neurons (DN) by binding to key neuronal transcription factors, including Nurr1 \[[@b29-medscimonit-24-4465]--[@b31-medscimonit-24-4465]\]. Luciferase reporter assay confirmed that miR-24 inhibitor acted as a promoter to up-regulate the mRNA and protein expression of SERT in human intestinal epithelial cells \[[@b32-medscimonit-24-4465]\]. An animal study involving anti-miR-16 intracerebroventricular injection was performed to confirm the role of CSF miR-16 in MDD, and found that anti-miR-16-treated rats had extremely lower CSF miR-16, significantly higher CSF serotonin, and obviously higher raphe SERT protein than control rats \[[@b33-medscimonit-24-4465]\]. Furthermore, a study involving siRNA treatment of disease in live rats has been conducted. After treatment with NONRATT021972 siRNA by sublingual injection, the serum norepinephrine and epinephrine concentrations, up-regulated P2X7 mRNA (involved in myocardial ischemic injury), and proteins were decreased in myocardial ischemic rats. In addition, their increased systolic blood pressure, diastolic blood pressure, low-frequency power, heart rate, and LF/HF ratio were reduced to normal levels, suggesting that NONRATT021972 siRNA could decrease the upregulation of the P2X7 receptor and improve the abnormal changes in cardiac function after myocardial ischemia \[[@b34-medscimonit-24-4465]\]. In the future, we plan to administer NONHSAG045500 siRNA2 in MDD model rats and observe the alteration of SERT expression and depressive symptoms.

Conclusions
===========

The current experiments are, to the best of our knowledge, the first profile of lncRNA dysregulation associated with 5-HT function. In the present study, we identified lncRNA NONHSAG045500 as a regulator of serotonin transmission *in vitro*. The NONHSAG045500-dependent modulation of SERT might be involved in the modifications of the efficacy of 5-HT transmission seen in physiological and pathological conditions, indicating that dysregulation of NONHSAG045500 expression could mediate pathological alterations of 5-HT transmission. Moreover, normalizing NONHSAG045500 could have therapeutic antidepressant potential and provide a new therapeutic strategy for MDD.

Limitation
----------

In this study, we examined the relationship between the change in NONHSAG045500 expression and SERT levels *in vitro*; however, our results were insufficient to determine whether NONHSAG045500 siRNAs or plasmids can be used clinically. Thus, there is still a great need for animal and human research before it can be applied in clinical practice. In addition, there are numerous challenges that must be overcome for wider use of lncRNAs.

Supplementary Figure
====================
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Gene control elements for lncRNAs.
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![The effect of 3 lncRNA overexpression plasmids. Three lncRNAs were all overexpressed after plasmid transfection. Each column represents the mean ±S.E.M. Data were analyzed using the Mann-Whitney test. \*\* P\<0.01 compared with the control group.](medscimonit-24-4465-g001){#f1-medscimonit-24-4465}
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![The interfering effect of 3 lncRNA siRNAs. Every lncRNA had 2 siRNAs. Only siRNA2 for every lncRNA had significant interfering effect. Each column represents the mean ±S.E.M. Data were analyzed using the Mann-Whitney test. \*\* P\<0.01, \*\*\* P\<0.001 compared with the control group.](medscimonit-24-4465-g003){#f3-medscimonit-24-4465}

![The effect of the interference of 3 lncRNA siRNA2 on SERT expression. The expression of SERT in NONHSAG045500 siRNA2 was higher than that in the control, and no significant difference was observed in the other 2 lncRNA groups. Interference with NONHSAG045500 expression could strength the expression of SERT. Data are reported as the mean ±S.E.M. and were analyzed using the Mann-Whitney test. \* P\<0.05 compared with the control group.](medscimonit-24-4465-g004){#f4-medscimonit-24-4465}
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